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the isotope Th-232, which is a “fertile” material—meaning 
that although it is not fissionable itself, it can be converted 
into fissile material by suitable neutron absorption and thus 
be used as fuel in nuclear reactors. Once neutron absorption 
occurs, the resulting  23390 Th nucleus emits a beta particle and 
decays into protactinium-233 (23391 Pa), which in turn emits 
another beta particle and decays into the fissile isotope U-233 
(23392 U). The U-233 nucleus is then struck by another neutron 
that splits the nucleus into lighter fission products, releases 
a large amount of energy, and produces more neutrons to 
perpetuate the cycle. In short, when a Th-232 nucleus absorbs 
a neutron, it eventually metamorphoses (i.e., “breeds”) into 
a U-233 nucleus that is fissionable. The cycle is represented 
symbolically as1 :
.
Notice that using Th-232 as the basis of a breeder reactor is 
possible because 2.3 neutrons (on average) are released when 
the U-233 nucleus fissions. These neutrons are considered 
“fast” neutrons that are not likely to cause fission or be ab-
sorbed. However, if these neutrons can be slowed by a neutron 
moderator, they will interact with the various nuclei and a 
chain reaction will ensue.2,3,4 Neutrons that have been slowed 
are referred to as “thermal neutrons” because they have essen-
tially only the energy they would have from their temperature.5 
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A little-known type of nuclear reactor called the  “molten salt reactor” (MSR), in which nuclear fuel is dissolved in a liquid carrier salt, was proposed in the 
1940s and developed at the Oak Ridge National Laboratory in 
the 1960s. Recently, the MSR has generated renewed interest 
as a remedy for the drawbacks associated with conventional 
uranium-fueled light-water reactors (LWRs) in use today. 
Particular attention has been given to the “thorium molten 
salt reactor” (TMSR), an MSR engineered specifically to use 
thorium as its fuel. The purpose of this article is to encourage 
the TPT community to incorporate discussions of MSRs and 
the thorium fuel cycle into courses such as “Physics and Soci-
ety” or “Frontiers of Physics.” With this in mind, we piloted a 
pedagogical approach with 27 teachers in which we described 
the underlying physics of the TMSR and posed five essential 
questions for classroom discussions. We assumed teachers 
had some preexisting knowledge of nuclear reactions, but 
such prior knowledge was not necessary for inclusion in the 
classroom discussions. Overall, our material was perceived 
as a real-world example of physics, fit into a standards-based 
curriculum, and filled a need in the teaching community for 
providing unbiased references of alternative energy technolo-
gies. 
The thorium-uranium breeding cycle
The MSR was the subject of a detailed design study, called 
the Molten Salt Reactor Experiment, conducted at Oak Ridge 
National Laboratory in the 1960s. Overall, 
the study demonstrated that the MSR concept 
was viable; in fact, a prototype MSR operated 
safely from 1965 to 1969. However, because 
of national funding priorities, further devel-
opment of the MSR was scrapped in 1976 in 
favor of conventional uranium-fueled LWRs, 
thus effectively ending research of the MSR for 
the next 30 years. Over the last decade, scien-
tists have renewed their interest in MSRs as a 
worthwhile alternative to traditional reactor 
concepts. Much of the excitement centers on 
the notion of TMSRs as “breeders”—reactors in 
which more fissile fuel is generated than is con-
sumed by the reactor. Breeding occurs to some 
extent in all reactors, but the goal of designing a 
“breeder reactor” is to produce at least as much 
fissile material as is consumed by fission in the 
reactor. To understand the design of a TMSR, 
one must first examine the physics of the thori-
um-uranium breeding cycle. 
In nature, virtually all thorium is found as 
Fig. 1. The thorium-uranium breeding cycle. The Th-232 absorbs a neutron and 
transmutes to Th-233. After two beta decays, the resulting U-233 can undergo fis-
sion and release energy as well as an average of 2.3 “fast” neutrons. These neutrons 
are statistically unlikely to cause additional fission, so a moderator absorbs most of 
their kinetic energy and renders them “thermal.”
heat can be used to drive a gas turbine. TMSRs can be engi-
neered using a two-fluid design, in which the fertile material 
is dissolved in one circuit of molten salt while a separate, non-
radioactive circuit is used to transfer heat. The single- and 
double-fluid variations have trade-offs in terms of complex-
ity, performance, and proliferation risk, but, again, the focus 
of this article is the reactor’s basic design, so we collectively 
label these variations as “TMSRs.” A schematic representation 
of a typical two-fluid TMSR is shown in Fig. 2.
The Generation IV Roadmap and essential 
questions for classroom discussions
In 2001, 13 of the world’s governments, representing coun-
tries that produce nuclear power, met in Washington, DC. 
Their aim was to sign a charter forming a cooperative, the 
Generation IV International Forum (GIF), self-described as 
“a partnership for sustainable nuclear energy systems.”6 The 
GIF established the Generation IV Roadmap—several broad 
criteria that guide the next generation of power plant designs: 
(i) safety, (ii) waste management, (iii) economics, (iv) the 
prevention of arms proliferation, and (v) fuel supply. We used 
these five criteria to form essential questions for classroom 
discussion in order to help teachers and students evaluate the 
design of TMSRs vs. LWRs. 
1. Which is safer?  During routine operations, all reac-
tors emit radioactive materials into the environment. 
The safety of a reactor is judged by the likelihood of 
these materials to have harmful consequences 
on humans or the environment. Additionally, 
experts evaluate safety based on how quickly a 
reactor can be shut down and effectively main-
tained.
D Critics:  Critics note that hazardous metals 
and mill tailings (i.e., radioactive by-products) 
are unearthed whether thorium or uranium is 
mined and that the health risks associated with 
thorium are equal to or much greater than those 
associated with uranium. Additionally, once 
mined, the use of thorium increases health risks 
primarily because thorium itself cannot be used 
to start a nuclear reaction so a fissile material 
like U-233 is needed. The nuclear reactions that 
consume U-233 also produce small amounts of 
U-232 that has a decay sequence which includes 
hard gamma-ray emitting radioisotopes. This 
radiation necessitates remote handling and 
makes worker protection more difficult and 
expensive.
C Advocates:   The TMSR is intrinsically 
stable with respect to meltdown of the reactor 
core. In an LWR, the core’s reactivity is posi-
tively correlated to its temperature; that is to 
say, as the core heats up, fission increases and 
the reactor can become unstable. Conversely, 
The take-home message is that neutrons must be “thermal” to 
produce fission in a nuclear reactor and that everything hinges 
on the statistics and complex physics of the various nuclei in-
volved. The breeding cycle is depicted in Fig. 1.
Thorium molten salt reactors
In an MSR, solid nuclear fuel is dissolved in a high-
temperature, molten carrier salt (such as sodium fluoride, 
lithium fluoride, or uranium tetrafluoride), which circulates 
between the reactor core and an external heat exchanger. 
These carrier salts are crystalline at room temperature and 
become clear liquids when heated. Within the core, the 
nuclear fuel undergoes the nuclear fission process and raises 
the temperature of the salt that then carries the heat to the 
heat exchanger. Specifically, the TMSR is designed so that an 
initial mass of fissile U-233 is supplied to the inner core of the 
reactor to start the fission chain reaction. Once started, the 
2.3 thermal neutrons created during each fission process will 
maintain the reaction: one neutron colliding with a U-233 
nucleus, splitting it into two smaller nuclei, and releasing 
energy. A second neutron then collides with another fertile 
Th-232 nucleus that absorbs the neutron and metamorphoses 
into a fissile U-233 nucleus to continue the breeding cycle. 
Statistically, this leaves 0.3 neutrons to escape or leak to other 
parts of the reactor. At this point in its operation, the reactor 
must only be supplied with thorium. The U-233 is extracted 
in a chemical process and returned to the core for fuel. Mean-
while, the fuel salt is pumped to a heat exchanger where the 
Fig. 2. Schematic of a two-fluid thorium molten salt reactor. The arrows in the 
schematic depict the circulating molten carrier salt that circulates in two separate 
loops. In the first circuit (purple), nuclear fuel extracted from thorium ore and dis-
solved into the molten carrier salt passes through the heat exchanger. A separate 
circuit (red), carrying no nuclear fuels, transfers heat to spin the gas turbine and 
generator. Excess neutrons are absorbed by the thorium blanket (green), which in 
turn metamorphoses into U-233 that is removed by the separator. Fission products 
are removed chemically by the waste separator.
scale implementation. The second, more incalculable 
cost is that TMSRs will require regulatory changes to ac-
commodate their new design, and to ensure the safety of 
both workers and the environment. The rules governing 
nuclear reactors were written for older generation reac-
tors and are simply not applicable to new designs. The 
gap in development and overhaul of regulations will 
lead to technical complications and an upsurge in cost.
C Advocates:   The primary cost advantage of the TMSR 
is that it incurs low capital costs. With any reactor, the 
high cost of uranium enrichment, plutonium separa-
tion, fuel rod production, and reprocessing always ex-
ists; but TMSRs are cheaper to build because they are 
smaller than LWRs and have less expensive control and 
emergency systems. Furthermore, TMSRs do not re-
quire a containment dome since they cannot melt down. 
In fact, since the word “molten” only describes the 
heated carrier salt, advocates of MSRs want to remove 
the word “molten” from the reactor’s moniker since it 
unintentionally connotes the idea of a “meltdown” to 
the general public. TMSRs have no need for fuel rod 
manufacturing, with some designs using problematic 
transuranic elements from existing LWRs as their 
fuel.12 Finally, a TMSR is comparatively easy and fast to 
turn on and off. For instance, prototype reactors were 
“turned off for the weekend” to save costs. The only real 
start-up energy required to reactivate the TMSR is that 
needed to melt the salt and run the pumps to circulate 
the molten salt through its plumbing. LWRs have no 
comparable means of quickly “shutting off.”
4. Can reactor fuels be used to make nuclear
weapons? Evaluating the design of a nuclear reactor 
based on its potential for arms proliferation is difficult 
because terrorists will find all the Gen IV designs a 
tempting source of weapons-grade materials. Also, the 
question of “state-sponsored” proliferation must be ad-
dressed. Would throwing out inspectors from the Inter-
national Atomic Energy Agency (IAEA) and building a 
bomb be easier for a state with an infrastructure based 
on TMSRs than for one based on LWRs? Therefore, the 
essential question boils down to whether or not weap-
ons production is easier to accomplish using the fuels of 
TMSRs than with those of LWRs. Overall, the prolifera-
tion risks appear to be equal.3 
D Critics:    Critics argue that since a fissile material (the 
U-233) is needed to start the nuclear reaction, bomb-
making material will inevitably be available at some 
place in the reactor and thus vulnerable to theft.13  Even 
though Feiveson et al. noted that “there are no indica-
tions that U-233 is used in operational nuclear weapons 
today,” the Times of India reported that one of India’s 
test explosions was a U-233 warhead.4,14 Although the 
latter source is not peer reviewed and should be viewed 
with skepticism, it suggests that the current situation, at 
least in the open literature, is murky. Perhaps even more 
attractive to terrorists, the U-233 not only has a much 
in a TMSR, the core’s reactivity is negatively correlated 
to its temperature, so as the temperature of the core 
increases, its reactivity decreases and fission stops by 
default. Essentially, physics itself is the TMSR’s fail-safe. 
Finally, the TMSR design incorporates a passive safety-
control feature: freeze plugs in the molten salt plumbing 
are kept cool by fans. If, for any reason, the plugs melt, 
the molten salt is dumped into in-ground sump tanks 
where the heat in the molten salt is dissipated and the 
reaction stops.
2. How do we dispose of waste?  In terms of efficien-
cy, advocates and critics agree that the high temperature 
operation of the TMSR makes it an efficient system. For 
instance, a TMSR is capable of a thermal efficiency in 
the 42-50% range as compared to the average 33% effi-
ciency of a conventional plant.7-9 As a result, the overall 
fuel utilization associated with TMSRs appears to be 
significantly better than that of standard LWRs. There-
fore, our essential question focuses instead on waste.
D Critics:    Critics contend that while the mix of fission 
products from thorium refinement is different than 
with uranium, a similarly dangerous batch of fission 
products will be created. Therefore, a geologic reposi-
tory, of the order of tens to hundreds of thousands of 
years, will still be required regardless of the breeding 
cycle.
C Advocates:   Advocates assert that since most of the 
products of the thorium-uranium breeding cycle have 
short half-lives compared to longer-lived actinide 
wastes (the typical wastes associated with LWRs), the 
containment period in a geologic repository will instead 
be greatly reduced from tens of thousands of years to 
300-500 years. Also, an important feature of a TMSR is 
that virtually all of the thorium fuel eventually is con-
verted to the fissile isotope U-233 to produce nuclear 
energy. Conversely, in an LWR, only 4% of the uranium 
consists of the fissile isotope U-235, which can undergo 
fission, while the remaining 96% consists of U-238 
(contaminated with the radioactive products of fission). 
Eventually these fission products “poison” the fuel 
by absorbing neutrons so that the uranium fuel rods 
must be replaced about every two years. As a result, the 
TMSR design can reduce uranium enrichment require-
ments by a factor of three to four.3
3. What is the cost of implementation?  Are the 
start-up expenses associated with a TMSR worth the 
initial higher investment in the hopes of producing 
cheaper TMSRs sometime in the future?
D Critics:  TMSRs have two cost disadvantages. First, 
much of the actual engineering of a TMSR remains un-
tested. Although research in MSRs was conducted at the 
ORNL in the 1960s, resulting in the concept for a mol-
ten salt breeder reactor based on the thorium fuel cycle, 
no other MSRs were ever operated in the United States 
and no MSR ever used thorium fuel.3,10,11 Thus, many 
engineering details remain to be investigated for full-
thorium-uranium breeding cycle. One teacher noted, “The 
specifics of the breeding cycle are beyond the scope of my 
introductory class so I won’t use the background material as 
much as I will use the essential questions.”
All respondents acknowledged the relevance of the essen-
tial questions, but had mixed opinions on the effectiveness of 
each question. First, all respondents appreciated the frame-
work with which to evaluate nuclear reactors as set forth by 
the Gen IV Roadmap. Prior to seeing the roadmap, respon-
dents had no organized means of comparing reactor designs 
or alternative technologies. As one teacher remarked:
“I had no frame of reference for comparing energy 
technologies and actually had never thought of orga-
nizing a comparison like the one based on the Gen IV 
Roadmap …. The biggest contribution of your mate-
rial was simply to organize my thoughts on how I can 
present a balanced analysis. I will use this roadmap 
when discussing solar panels, wind turbines, geother-
mal pumps, biofuels, etc.” 
Concerns on the effectiveness of the essential questions 
centered on the teachers not being convinced by the argu-
ments of the advocates or critics. When asked whether they 
had enough information to discuss the essential questions, 
18 teachers identified question 1 (safety) as needing the most 
additional information while none of the teachers were in-
terested in gathering additional information on question 5 
(supply). Interestingly, students found question 4 (prolifera-
tion of weapons) to be the most captivating. When asked how 
this information might be used in the classroom, eight teach-
ers noted that students wanted a classroom discussion on 
how terrorists can exploit energy technologies. One teacher 
described, “My students started a discussion on nuclear pro-
liferation that soon turned into one on gasoline attacks and 
biological weapons (anthrax). I guess the threat of terrorism 
is never far from their minds.” 
Finally, teachers overwhelmingly encouraged the TPT 
community to contribute additional papers on related sub-
jects. Several respondents mentioned that creating a reper-
toire of papers, or a dedicated issue, describing the physics of 
cutting-edge alternative energy sources and a compilation of 
their associated “pros vs. cons” would be a great contribution 
of TPT to teachers. One teacher remarked: “There is so much 
information out there, I don’t know what is important and 
what to believe. However, if I read something in TPT, at least 
I know it has been vetted.” 
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